Carbon fibres havebeen plasma treated by acrylonitrile (AN) to increase the compatibility with and the adhesion to an epoxy matrix. The plasma polymers have been analyzed by X-ray Photoelectron Spectroscopy (XPS) and Infrared Spectroscopy (IR). The effect of plasma power level is alsostudied
Introduction
To improve the interfacial bonding between carbon fibres and a polymer matrix in composite materials, the fibres are usually given surface treatments. The aim of this approach is to improve the resin compatibility of the fibres by altering their surface chemistry. Plasma polymerization of a selected monomer onto the fibre surface is a powerful method to link covalently the fibre surface to an organic matrix. The plasma grafted layer is a flowless highly crosslinked film which has excellent adhesion to the substrate [IJ. Functional groups on the surface of this organic layer will then act as coupling agents. A review of coupling agents recommended by manufacturers for use as adhesion promoters reveals that amine functionality is very effective. In this work, we present acrylonitrile (AN) plasma polymerization on carbon fibres, and the influence of the plasma power on the polymer produced. The nitrogen containing groups on the coating may react with the resin molecules (DGEBA) and create a chemical bonding between carbon fibres and the matrix. The plasma polymer surface is studied by X-ray Photoelectron Spectroscopy (XPS) and Infrared Spectroscopy (IR). XPS measurements were carried out with an Hewlett -Packard 5950A spectrometer using monochromatized AlKa radiation. IR spectra of the plasma polymerized films were deposited on NaCI plates and obtained using a Perkin-Elmer 983 IR spectrometer. HTA-3000 carbon fibres (ENKA S.A.) (ex-PAN unsized and oxidized) were plasma treated. Commercial AN and PAN (used as a reference) were used as received (Aldrich Chemicals). The equipment, set-up in our laboratory, is an inductively coupled plasma reactor operating at the rf frequency of 13.56 MHz (Fig. 1 ). Carbon fibres are deposited on a glass support, introduced in the quartz glow discharge tube (2). The whole chamber is pumped to pressure of 10-3 Torr using the primary pump (4), and the flow rate of carrier gas (argon) is fixed at 40 ml/rnin, Plasma treatment is conducted typically at a power input of 10-150 W under a pressure of 0.02-0.08 Torr. The acrylonitrile monomer is placed in a sealed vessel situated after the plasma quartz tube. Under the working pressure, the liquid is volatilized, providing thus a gazeous source of monomer. The carbon fibres are exposed for 10 min to the plasma. (2) Quartz reactor (3) Matching unit (4) Power meter (5) r.f. Generator (13.56 MHz) (6), (7) Turbo pump (8) 
Results and discussion
Because of the inhomogeneity surface of carbon fibres and to compare with a smooth surface, plasma treatments were carried out simultaneously on polyethylene foils for XPS analysis. Figure 2 shows XPS spectra of the reference PAN and of the plasma polymerized polyacrylonitrile (PPAN) on polyethylene surfaces at various powers.
In order to understand the composition and the chemical bonds, the CIs spectrum of reference PAN was fitted to two components (labelled A and B hereafter). These were separated by 1.2 eV with the following intensity: 2 for the high binding energy component, peak B, and 1 for the low one, peak A. The relative intensity of peaks B and A (2/1) suggests that peak A could be assigned to the carbon atom of CH2 groups and peak B to those of the >CH-CsN and >CH-CsN groups.
The elemental composition of each plasma PAN is close to reference PAN. However, the high deconvolution of CIs indicates that the chemical structure is not consistent with PAN ( Figure  2 ). Because of difficulties to separate the different contributions of nitrogen groups, we decide . to attribute peak A to the carbons in the -C-C-structure, and the other one, broader than PAN reference, to the carbons in >C-CsN, >C-CsN, >C=N, -C-N=C-and >C-OH (for PE treatments) structure. The presence of imine groups was confirmed by the deconvolution of N1s spectra. The individual Nls spectrum study of reference PAN show a narrow (FWHM=1.3 eV) and symmetric peak (CsN groups). The Nls spectra of PPAN are broader (FWHM=1.7-1.8 eV) and slightly asymetrical, with a new shoulder peak at higher binding energy which may belong to the nitrogen of the -C=N-group. As shown in figure 2, the ratio of the peak B to A as a function of the power level, is close to 2/1 for low power (10-50 W) as expected in PAN a~d 1/1 for high po~er (100 an? 150 W). This can be explained by the fact th~t at low power~nput,.the energy mpu~per umt.mas~of monomer is low, and little fragmentation occurs, creating a linear structure oligomer wah still a lot of nitrile groups. On the other hand, the high contribution of the peak A at high power indicates probably a more branched and cross.linked pol¥mer due to increased monomer fragmentation, resulting in a strain~struct~e w.hlch has.no~Ime to rearrange fragments l~e the polymer at low power. One plausl~le solution IS a~yc~l zatIon of the acrylomtrl~e to a triazine structure, probably combined .wah some. crosslinking.~I~can be confI!ffi e~by the appearance of film polymer at high power simultaneous to an imine group contribution in the peak B.
The results on plasma PAN on carbon fibres are not very different. Indeed, two points are observable. First, carbon fibres are not oxidised during plasma polymerization, while the polyethylene surface shows the presence of oxygen groups due to reactions of residual free radicals with air after the plasma treatment. Indeed, crosslinking in the presence of argon is easier with polyethylene than with carbon fibres surfaces. Secondly, the FWHM of each carbon fibres peak broader than those in polyethylene because of the inhomogeneity of the carbon fibres surface, but also of the coating. Table 1 summarizes Infrared Absorption bands of AN, PAN and PPAN. The structure of AN and reference PAN gives three characteristic absorption peaks at 2937, 2243 and 1453 cmt. The plasma polymer is further characterized by a new band at 3360 crrr! due to the =N-H stretching vibration from imine group, and an absorption band at 1627 crrr! region due to C=N stretching absorption in the polymer. This confirms, in agreement with the XPS spectra, that a great part of acrylonitrile or polyacrylonitrile is converted into polyimine type structures.
We notice an increase in the intensity of the imine peak (1630 crrr l) with the power level, and a broadening of this absorption which could indicate an increase of the aromatic nature of the polymer (pyridine structure). Figure 3 shows the intensity ratios of the =N-H and C=N stretching absorptions, with respect to the intensity of the C=N stretching absorption, as a function of plasma power. The conversion of the nitrile in the monomer into imine seems to be systematic. Higher plasma power leads to higher conversion yield, as expected from more monomer fragmentation; the active species increase in number, due to interactions with more energetic electrons. At 100 Wand above, the film coating confirming the presence of pyridine and imine structure with abundant crosslinking. Figure 4 . The intensity of the C=N and C=N groups relative to the aliphatic CH absorptions in the 3000-2800 crrr! region goes through a minimum at 100 W. This effect indicates that a great part of C=N have been eliminated. This can be explained by the fact that HCN may be eliminated from acrylonitrile during plasma polymerization [21. If this occurs, reactions at 100 W may well proceed in part from electrophilic additions involving CH=CH+ species rather than HCN+ (acetylene has a slightly lower ionization potential than hydrogen cyanide). Therefore, at 100 W, this eliminati0!1 may lead to a lower degr~e of nitrogen incorporation into the plasma polymer, but also to a highly branched polymer which can not be removed by acetone, acetonitrile and water.
Up to now, no mechanic test was made on these samples.
However, increasing the power from 100 to 150 W may lead to significant changes in the composition of the gas phase, which may also account for the higher nitrogen content (%N=23.4) and especially for a decrease of C-C aliphatic structures probably due to a a highly branched structure keeping nitrile groups. When the power level increases (above 100 W for AN) both the polymerization rate and the monomer disappearance rate increase. So, the competitive reactions (addition and termination on the C=C bonding) become more important and are dominant above a certain power level. At this point, the nitrile groups are rapidly trapped in the structure. There are many fragmentations with a high density of active species which react immediatly with other active species giving a highly branched polymer. Conclusion AN plasma polymerization is an efficient technique to graft nitrogenated polymer on carbon fibres but the adherence of the polymer, its morphology and structure depending essentially on the power level. The PPAN is constituted of a high crosslinked polymer containing few imine groups. At low power, little fragmentation of AN monomer occurs creating a linear structure oligomer with a composition close to the .reference PAN.~y in~easi~g~he power level, the PPAN is a more branched, more crosshnked polymer WIth higher mune groups content, resulting in an adherent film, which could improve c~bone fibres -~a.tri x. adh~sion .. A decrease of nitrogen amount at 100 W may be explained by C=N elimination involving CH=CH+ species electrophilic additions. This work was supported by EEC underEURAM Progamme nO MA1E-0080-C. We are grateful to Professor A. KRIEF for IR measurements and to Dr J. RIGA for his some hints in the interpretation of ESCA data.
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